A system is described in which rhinovirus 2 may be grown in suspension cultures of L 132 ceils. The virus adsorbed to the cells more efficiently at 33 ° than at 4 °, probably by means of specific trypsin-sensitive lipoprotein receptors on the cells. Virus penetration demonstrated using a potent virus antiserum was temperature-sensitive and rapid at 33 ° . During single-cycle virus growth at 33 ° the latent period was about 4 hr and maximum virus yields were obtained about Io hr after infection. Addition of 3 ° mM-MgCI~ in the medium enhanced virus release from the cells but did not affect the total virus yield. Highest virus yields were obtained at pH 7"7 and a temperature of 33 °. Lower temperatures increased the latent period. At higher temperatures up to 37 ° the latent period was shorter and the virus titre ceased to increase earlier. At 39 ° the latent period was longer than at 33 ° and there was a severe inhibition of virus production. Shift-up and shift-down experiments indicated that the temperature-sensitive event or events at 39 ° occurred late in the growth cycle.
INTRODUCTION
Early attempts to study the growth of rhinoviruses were handicapped by the difficulty of obtaining sufficient infective virus and by the absence of a convenient reproducible plaque assay (Tyrrell, I963 ; Haffet al. 1966 ) . Both these problems were largely overcome by Fiala & Kenny (I967) using a strain of HeLa cells unusually sensitive to rhinoviruses in the presence of high MgCI~ concentration. They reported the first single-cycle growth experiments of these viruses using monolayers of HeLa cells.
In this paper we describe experiments on the interaction between a rhinovirus and suspension cultures of another continuous cell line, L 132, which is sensitive to rhinoviruses. The use of cells in suspension has permitted the first precise experiments on the relationship between rhinovirus adsorption and infectious centre formation and on rhinovirus penetration. The effects of high magnesium concentration, pH and temperature on virus growth have also been studied in this system. Virus strains. The HGP strain of rhinovirus type 2 was isolated at the Common Cold Research Unit and purified by three successive terminal dilutions. The wild BRUNHILDE and attenuated Lsc2ab strains of poliovirus type i were kindly supplied by Dr Y. Cossart of Central Public Health Laboratory, Colindale.
Plaque assay. Plastic Petri dishes (5 cm. diameter) were seeded with 2 × IO 6 cells in 5 ml. of growth medium supplemented with 30 mM-MgC12 and incubated at 36°. One or two days later the growth medium was removed and the plates were inoculated with o-2 ml. virus diluted in a maintenance medium (MM) consisting of Eagle's BM, 2% ox serum, 5% tryptose phosphate broth, 3o mM-MgC12. After ~½ hr at 36 ° the inoculum was removed and the plates overlaid with 5 ml. of medium consisting of Eagle's BM, 2% ox serum, 5% tryptose phosphate broth, 3o mM-MgC12, o'01% (w/v) DEAE dextran and o'5% (w/v) agarose (L'Industrie Biologique Fran~aise). After incubation at 33 ° for 3 days, plates were fixed in buffered formol saline, the agar removed and the cells stained with ~% gentian violet in 2o% alcohol. Virus yields were assayed in HeLa cells. Virus for calculating input and adsorbed multiplicity of infection was assayed in L 132 cells. Plaque titres were approximately fivefold lower in L I32 cells.
Virus growth experiments.
After removal from the bottles, L 132 cells were resuspended in MM at a concentration of approximately lo 6 cells/ml, and stirred in a water bath at 33 ° for 4 hr. The cells were then centrifuged and resuspended in 4 to Io ml. cold virus to give an input multiplicity of 2 to 5 p.f.u./cell unless otherwise stated. Virus adsorbed to the cells at 4 ° for 8 hr. The cells were then washed twice in lO ml. of cold MM, resuspended at Io 6 cells/ml, in cold MM and transferred to a water bath, the temperature of which varied by less than o.2 °. Zero time in a growth curve was taken as the moment at which the cells were transferred to the water bath. The suspension cultures were stirred by magnetic bars and o-2 ml. samples were taken at intervals, diluted in 1.8 ml. of cold MM and frozen at -7 o°, unless used for infectious centre assay.
RESULTS

Effect of pre-incubation of cells
After removal from the glass, L I32 cells were normally pre-incubated for 4 hr at 33 ° before they were infected with virus. If this pre-incubated period was reduced to 3o rain. there was a reduction in the amount of virus adsorbed and in the number of infectious centres subsequently formed (Table I) . This was greatest when adsorption took place at 4 ° . However, there was no significant difference in the yield of virus per infectious centre.
Virus adsorption
When cells were pre-incubated for 4 hr, over 87% of the input virus was adsorbed in I hr at 33 ° whereas only about o/ adsorbed at 4 ° 5o/o was (Table 0 . Increasing the period of adsorption from I to 8 hr at 4 ° did not significantly alter the amount of virus adsorbed. At either temperature, virus adsorption was almost complete after 2o min. However, adsorption at 4 ° was used in subsequent experiments in an attempt to synchronize the beginning of the viral growth cycle and to allow study of the effects of temperature on the complete cycle.
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Formation of infectious centres
Infectious centres were estimated after incubation at 33 ° for I hr by plating the washed cells on monolayers of HeLa cells. When virus was adsorbed to the cells at 33 ° (Table ~) there was good agreement between the observed number of infectious centres and the number that would be expected from a Poisson distribution. However, when virus adsorption took place at 4 ° , only one-fifth to one-twentieth of the expected number were detected. 
Penetration and early .fate of virus
Cells were infected with a low input multiplicity of less than I p.f.u./cell and after washing in cold medium a sample was mixed with potent viral antiserum at room temperature for 3o min. and another sample was mixed with MM. After washing, the cells were plated on monolayers of HeLa cells. Immediately after infection and before incubation at 33 °, 76% infectious centres could be neutralized (Table 2) . After incubation at 33 ° for zo min. no neutralization could be detected.
Freezing and thawing infectious centres immediately after infection released only 2o% of the attached virus (Table 2 ) but treatment with 0-4% (w/v) sodium dodecyl sulphate(SDS) released up to 80%. After incubation at 33 ° for I hr, freezing and thawing released 5% and SDS treatment about 25% of the original adsorbed virus.
Effect of MgCl~, stirring speed, and pH on virus growth cycle at 33 °
In the presence of an additional 3o mM-MgClz new virus was first detected in L i32 cells between 4 and 5 hr after infection and reached a maximum titre after about Io hr. This virus was released into the medium about I hr later (Fig. I) . In the absence of extra MgC12 the production of virus in the cells was unaffected but release from the cells was delayed so that at Io hr, io% of the total virus was free in the medium containing additional MgC12, whereas only r°d, was free in medium without additional MgC12. In the presence of additional MgCI~ a higher proportion of cells appeared non-viable by trypan blue staining at 1o hr whether cells were infected or not.
Varying the stirring speed of the magnets between ioo and 400 rev./min, did not appear to affect the yield of virus and a speed of 212 rev./min, was used in all further experiments. The effect of pH was determined by growing virus in media containing o'02 M-trismaleate buffers. A pH of about 7"7 gave the highest IO hr yield (Table 3) ; but values of 7"4 or 8.I resulted in only a 25-5o% reduction. However, pH 7.o caused more than a ioo-fold reduction in yield and 6"7 a IOOO-fold reduction. 
Effect of temperature on vh'us growth cycle
The maximum yields of rhinovirus 2, the attenuated LSC 2ab strain, and the virulent BRUNmLDE strain of poliovirus I were determined in suspension cultures of L I32 cells at temperatures between 29 ° and 41° (Fig. 2) . The optimum temperature for rhinovirus 2 growth was 33 °, for LSC 2ab was 35 ° and for I~8UNmLDE was 37 °. At 39 ° the maximum yield of rhinovirus 2 was 4oo-fold lower than at its optimum temperature, whereas the yield of BRUNHrLOE was only two-fold lower.
, \,, ,., • --•, 33°; A---A, 31°; 0--'--©, 290 .
12
The effect of the suboptimal temperatures 3 I° and 29 ° on the growth of rhinovirus 2 was to extend the latent period by approximately I hr for each 2 ° drop in temperature (Fig. 3) . The rate of virus production was also reduced at 29 ° so that at I2 hr the maximum titre had still not been reached.
The effect of supraoptimal temperatures up to 37 ° was to increase the initial rate of virus production (Fig. 4) . However, the increase in virus titre ceased earlier at 35 ° and 37 ° , which resulted in lower maximum yields; fourfold lower at 37 ° . When the temperature was increased to 39 ° the amount of virus detectable continued to decrease after 4 hr and only a small amount of new virus was then produced.
The rate of inactivation of rhinovirus z at 39 ° and 33 ° was determined under conditions similar to those of the growth cycles. The half-life of the virus was I'5 hr at 33 ° and o'5 hr at 39 °. Using this observed rate of inactivation, the growth curves shown in Fig. 4 and a recently published formula of Purifoy, Purifoy & Sagik (I968)~ the actual virus yield corrected for thermal inactivation was calculated. At 33 ° the observed yield at Io hr was 2"5 x 2o 7 p.f.u./ml, and the corrected value was 5.0 x 2o 7 p.f.u./ml. At 39 ° the observed yield was 6-0 x io 4 p.f.u./ml, and the corrected one was 2.o x ~o 5 p.f.u./ml. On this basis thermal inactivation did not account for the 4oo-fold reduction in virus yield at 39 ° . 
Effect of temperature shifts during virus growth cycle
The stage in the growth cycle at which the temperature of 39 ° was restrictive was determined by temperature-shift experiments. Replicate infected cell cultures were shifted up from 33 ° to 39 ° at various times after the beginning of the growth cycle. Such a shift during the first 4 hr of virus growth resulted in a curve not significantly different from that of cultures maintained at 39 ° throughout the cycle. If the shift was made after the start of virus production, at 5 hr, only 25% of the virus produced in the next hour at 33 ° was produced at 39 ° (Fig. 5) . Thereafter, no new virus was produced. A similar effect was observed if the temperature shift was made at 6, 7 or 8 hr after the start of the cycle.
When replicate infected cultures were shifted down from 39 ° to 33 ° at times between and 4 hr after the start of the cycle, the resulting virus growth was normal. A shift down at 5, 6, 7 or 8 hr after the start of the cycle resulted in an immediate production of a large amount of virus and thereafter virtually normal virus growth (Fig. 6) .
Growth of rhinovirus 2 in L I32 cells 2I
These results indicated that virus growth continued normally during the latent period at 39 ° . Only some late event or events occurring with the start of the production of new virus are temperature-sensitive. 
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DISCUSSION
Adsorption of rhinovirus 2 to L I32 cells did not require active metabolism of the cells since it occurred rapidly at 4 °. The virus probably attached to specific lipoprotein receptors on the cell membrane. This view is supported by the findings that freshly trypsinized cells adsorbed little, if any, virus, and that most of the adsorbed virus was recovered in an infectious form by treating the cells with SDS but not by freezing and thawing. Such specific receptors have been shown to exist for other picornaviruses (Holland & McLaren, I96t; Mandel, [962; Levitt & Crowell, 1967) .
Penetration of rhinovirus 2 into the cells--that is, transition from an antibodysensitive state to an antibody-resistant state--was temperature-dependent and occurred rapidly at 33 °. Hence it is a step requiring active cell metabolism and may be simply movement of the virion from the outside to the inside of the cell membrane by phagocytosis. Similar observations have been made with poliovirus (Mandel, 1958; Holland & McLaren, 2959; Darnell & Sawyer, 196o) . However, this stage may also involve the release of RNA from the nucleocapsid, especially since Mandel has shown that neutralized poliovirus can adsorb to and enter HeLa cells normally (Mandel, ~967) .
The formation of rhinovirus infectious centres agreed well with results that would be predicted from the Poisson distribution of random virus-cell collisions, when virus adsorption occurred at 33 °. However, when adsorption occurred at 4 °, less than the expected proportion of cells were infected. This was probably because at 33 ° virus adsorbed and penetrated the cell rapidly whereas at 4 ° adsorbed virus remained on the outside of the cell and some particles may have been removed by subsequent washing of the cells or may have eluted from the cells when they were warmed to 33 °. Mandel (i967) has shown that 5o% of poliovirus particles adsorbed to HeLa cells at 4 ° elute as non-infectious virus from the cells when they are warmed to 37 ° .
After adsorption, rhinovirus 2 had a latent period of about 4 hr in L I32 cells at 33 ° before new virus was detected. The virus titre then increased rapidly to reach a maximum at about IO hr. Similar results were obtained using monolayer cultures of monkey kidney, WI-26 or HeLa cells (Haft et aI. ~ 966; Fiala & Kenny, 1967) , although in these studies new virus was not detected until after 5 hr. The duration of the growth cycle of the BRUNHILDE strain of poliovirus t in L I32 cells was identical with that of rhinovirus 2, when both viruses were grown at 33 ° (unpublished observation).
Additional MgC12 in the medium had previously been shown to enhance rhinovirus plaque production and to increase rhinovirus cytopathic effects in tube cultures of HeLa cells (Fiala & Kenny, 1966; Stott & Tyrrell, i968 ) . In suspension cultures of L ~ 32 cells extra MgCl~ did not affect the final yield of rhinovirus 2 but did enhance its release from the cells. The same observation was made by Fiala & Kenny 0967) in monolayers of HeLa cells. However, we have also shown that in the presence of additional MgC12 cells appear to die more rapidly whether they were infected or not. The fact that the cells are more fragile in the presence of high magnesium concentration is probably sufficient to explain the greater cytopathic effects and enhanced virus release.
Some early reports on rhinovirus growth in human embryo kidney or monkey kidney cells indicated that optimum growth occurred below pH 7-2 (Pelon & Mogabgab, ~959; Tyrrell & Parsons, x96o; Tyrrell, I963) . However, when human diploid cell strains were used it was found that low pH was not necessary (Ketler, Hamparian & Hilleman, I962; I964) . Our finding that rhinovirus 2 produced optimum yields in LI32 cells at pH 7'7 supports the conclusion that low pH is only necessary for optimum rhinovirus growth in certain cells and suggests that pH affects the cells rather than the virus.
In contrast, the effect of temperature appeared to be virus-specific. The optimum temperature for rhinovirus 2 growth was 33 ° in both monkey kidney cells (Tyrrell, I963) and in LI32 cells. Furthermore there was a severe reduction in rhinovirus yield at 39 °, whereas in the same cells under the same conditions wild poliovirus type t was capable of producing virtually normal virus yields. At suboptimal temperatures the latent period of rhinovirus 2 was extended, whereas at supraoptimal temperatures up to 37 ° it was slightly reduced. This was probably the result of the temperature optima of the various enzymes involved in synthesizing the components of the virion. At 37 ° the rapid increase of virus titre ceased earlier than at 33°; this was partly, if not entirely, due to increased thermal inactivation of newly formed virus. However, further increase of temperature to 39 ° had different effects on the production of infectious virus: the latent period was longer than at 33 ° and there was a very severe reduction in virus yield which could not be accounted for by thermal inactivation. Shiftup and shift-down experiments indicated that the temperature-sensitive event or events at 39 ° occurred late in the growth cycle.
The growth characteristics of rhinovirus 2 are similar to those of some temperaturesensitive mutants of poliovirus (Lwoff, 1962 ) . However, there is the important difference that rhinoviruses appear to be naturally occurring temperature-sensitive viruses. When the timing and duration of viral RNA and protein synthesis have been established for rhinovirus 2, it might be possible to define more precisely the nature of the late temperature-sensitive event or events. It will then be interesting to see if other rhinoviruses have the same temperature-sensitive block or if there are different sensitive steps as with poliovirus mutants (Cooper, 1968) .
